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CHARACTERISTICS OF FLOW OVER INCLINED

BODIES OF REVOLUTION

By H. Julian Allen and Edward W. Perkins

SUMMARY

Experimental force, moment, and center--of-pressure variations for

a large number of bodies of revolution have been compared with the cal-

culated characteristics based on the approximate theory developed in

NACA RMA9126. The bodies varied in fineness ratio from 4.5 to 21.1,

from blunt unboattailed bodies to airship hulls, and the experimental

results are given for widely varying Mach numbers and ranges of angle

of attack. It is shown that the llft and drag characteristics are

fairly accurately predicted by the theory but that the actual center

of pressure is more rearward than the theory indicates.

Experimental pressure distributions and visual--flow studies which

have been used to investigate the characteristics of the cross flow for

inclined bodies of revolution have demonstrated that the development of

the cross flow with distance along the body on a long body of constant

diameter behaves much the same as the development with time of the flow

about a circular cylinder impulsively started from rest. This fact

assists in explaining the observed differences between center-of--pressure

location determined from experiment and that calculated using the

approximate theory.

INTRODUCTION

There has long been considerable interest in the forces and moments

experienced by bodies of revolution in inclined flight. The original

interest pertained to the forces and moments on airship hulls. _x Munk

(reference l) considered the potential flow about such hull shapes and

showed that at any station along a hull at angle of attack _ a local

force per unit length of magnitude

(k2 - kl) q_ sin 2m
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should be experienced. (See appendix A for symbols.) From the later
work of G. N. Ward (reference 2) it maybe shownthat this force is
directed midwaybetween the normal to the axis of revolution and the
normal to the wind direction.

These potential flow theories predict that for any closed body,
such as an airship hull, at angle of attack a pitching momentbut no
net cross force should be experienced. A comparison between calculated
and experimental momentsabout the centers of volume on airship hulls
showedthat the momentsexperienced were always less than those calcu-
lated (usually of the order of 70 or 80 percent of the theoretical
values). Contrary to theory, experiment showedthat, in fact, a cross
?orce did occur which was small at small angles of attack but increased

rapidly with increasing angle of inclination, the cross force always

being directed toward the lee side of the body. Experiment also showed

an increase in drag with angle of attack which was not indicated by

theory. It has long been recognized that the discrepancies between

this potential theory and experiment resulted from the failure to con--

sider the action of viscosity in the theoretical treatment. The

results of a detailed experimental study of the flow field about an air-

ship model in inclined flow, which was made by R. P. Harrington (refer-

ence 3), clearly demonstrated the importance of these viscous effects.

In recent times, a primary interest in the body-of-revolution

problem has arisen for missiles and supersonic aircraft where the body

again becomes a major component of the configurations. These bodies

are, in general, slender, blunt--based bodies for which H. S. Tsien

(reference 4) has shown the potential theory still to be applicable at

small angles of attack even at supersonic speeds. For these blunt--based

bodies the potential theory indicates that a net cross force, a pitching

moment, and a drag increment will occur in inclined flow. However, from

available experimental data, it is apparent that, in general, while the

moment about the center of volume is less than would be calculated from

potential theory, the net cross force and the drag increment are larger

than calculated, the discrepancy becoming increasingly apparent with

increasing angle of inclination.

R. T. Jones (reference 5) showed theoretically that on an infinitely

long inclined cylinder with laminar--boundary--layer flow, the viscous

flow across the cylinder may be treated independently of the flow along

the cylinder. Thus the component of flow across such an inclined cyl-

inder would be expected to behave the same as the twG-dimensional flow

across the cylinder at a velocity equal to the product of the flow

velocity past the inclined cylinder and the sine of the angle of incli-

nation. Accordingly, in reference 6, it was postulated that a better

evaluation of the cross-force distribution on a body of revolution of

finite length (see fig. l) moving at the velocity Vo could be obtained

by adding to the potential cross--force distribution an additional cross
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force calculated on the assumption that each circular element along the

hull experienced a force equal to the drag force which would be experi-

enced by an element of a circular cylinder of the same diameter in a

stream moving at the cross component of the stream velocityj Vo sin _z

That is, the total cross force per unit length at any station could be

given by an expression which is the sum of the potential cross force and

a term to account for the viscous cross force. Thus

f = (km-kl) q_ sin 2_ cos --_2+ 2_Cdc rq sln2_ (i)

With this simple allowance for viscous effects the llft coefficient, 2

the fore-drag coefficient, and the pitching moment coefficient about an

arbitrary position a distance xm from the nose are given by

cL (kz-a )Sb= _ sin 2cL cos _ + _Cdc sin a cL cos c_A

Sb m /Aoh sins _
CDF = CDF_=0 cosS_ + (kz-kl) _- sin 2_ sin _ + _Cdc

/ vol Sb
CM = (kz-kx)

AX\

(Z -- Xm) h

J sin 2_ cos
+

/Ap _/Xm-X p
sin 2

(2)

Because of the approximate nature of the theory, it is not considered

Justified to retain the complex forms of these equations. Accordingly,

it is assumed that for the functions of the angle of attack cosines may

be replaced by unity and sines by the angles in radians to give s

zA similar suggestion has also been made by Milton Van Dyke in a paper

presented at the 1950 winter meeting of the Institute of Aeronautical

Sciences.

2In the expression for CL the contribution of the axial _rag force

-CDF cos 2 m sin m is inconsequentially small and has been

ignored.

m2 which should
Sin the expression for ACDF the term -CDF(_=O ) ,

properly appear on the right--hand side of this equation, has been

omitted since for all practical cases its contribution to the drag

increment is so small that it may be ignored.
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CL = 2(km_kl)(___b)_ + _Cdc (__PP_ _2

/

(3)

The first term on the right side of each of these equations is the poten-

tial contribution, while the second term is the viscous contribution.

Clearly, this suggested allowance for viscous effects is very

approximate and could only be expected to apply well for bodies of very

high fineness ratio by virtue of the assumed two-4imensional nature of

the viscous cross flow. The remainder of this paper will be devoted,

first, to a determination of the adequacy of this method for predicting

the force and moment characteristics for a large number of bodies of

practical fineness ratios and, second, to an investigation of the nature

of the cross flow to ascertain wherein the actual development of the

viscous cross forces differs from that assumed in the foregoing treat--

ment. The latter study will provide a qualitative explanation of the

observed differences between the calculated and experimental charac-

teristics and to indicate that other important effects of viscosity

must be taken into consideration.

COMPARISON OF CALCUIATED AND EXPERIMENTAL

FORCE AND MOMENT CHARACTERISTICS

In figures 2 to ii are shown the experimental force, moment, and

center-of--pressure characteristics as a function of angle of attack for

a representative group of bodies of revolution from references 7 to 17

and from tests at the Ames Aeronautical Laboratory. The bodies vary in

fineness ratio from 4.5 to 21.1, from blunt unboattailed bodies to air-

ship hulls, and the experimental results are given for widely varying

Mach numbers and ranges of angles of attack.

The dashed curves of figures 2 to ii show the characteristics

calculated by potential theory, while, unless otherwise indicated, the

solid curves are based on equations (3). These latter expressions

which include the allowance for the influence of viscosity will be

referred to hereinafter as the viscous theory. The value of k2-kl
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was taken as unity except for the two airship hulls and for the
50-caliber shell. 4 To calculate the force and moment characteristics

by equations (3), it is necessary to evaluate the coefficients Cdc ,

the section drag coefficient of a circular cylinder, and _, the ratio

of the drag coefficient of a circular cylinder of finite length to the

drag coefficient of a circular cylinder of infinite length. The

section-drag coefficients of circular cylinders have been determined
for a wide range of Reynolds numbers and _ch numbers. (See refer-

ences 18 to 23. ) Experimental data from a number of sources have been

plotted in figures 12 and 13 to show these variations. With regard to

the evaluation of _, the only available experimental data (refer-
ence 24) have been plotted in figure 14 and a discussion of possible

extensions of these data to Mach and Reynolds numbers other than those

for which the data were obtained has been included in appendix B.

Effect of Cross-Flow Reynolds Number

There is a wide range of Reynolds numbers (see fig. 12) from about

l04 to 2xl05 for which, at low Mach numbers, the section-drag coeffi-

cient is constant and equal to 1.2. All the experimental data from
figures 2 through 6 correspond to cross Reynolds numbers at low cross

Mach numbers for which this value of cross drag coefficient is appro-

priate. Examination of these figures shows that the lift, for_-drag
increment, and center-of--pressure position are much more adequately

predicted by equations (3) than by the potential theory. The lift and

fore-drag increment are seriously underestimated by potential theory at

high angles of attack. Contrary to potential theory, the experimental
center-of--pressure position varies with angle of attack. The variation

iS similar to that indicated by the viscous theory, but the actual

center of pressure is farther toward the base of the body (generally by

about one body diameter) than the viscous theory indicates. In the case

of the pitching moments, the experimental values are, in all cases for

which the center of moments is at or near the center of volume, smaller

in absolute magnitude than the values calculated by either theory. (In

the case of the body of fig. 3, the moment reference center was acci-

dentally chosen so that the experimental values agree with the potential

theory. Since the lift and center-of-pressure positions are so poorly

4Since an extensive dead-air region must exist in the wake of a blunt--

based body, the effective length-diameter ratio determining the

apparent mass coefficients must be greater than the actual. For all

the blunt--based bodies except the 50-caliber shell, the actual fine-

ness ratio was so large that a value of ke-k I of unity was appro-
priate. For the relatively short shell model the effective fineness

ratio was arbitrarily assumed to be twice the actual.



6 NACA RM A_0L07

predicted by potential theory, it is apparent that the agreement

between the experimental moment results and the moment variation pre--

dicted by potential theory must be accidental.)

It is well known that for Mach numbers below approximately 0.4

there is a critical Reynolds number range for a circular cylinder.

Within this Reynolds number range the drag coefficient drops from 1.2

to approximately 0.3 with increasing Reynolds number. It was antici-

pated that for inclined bodies of revolution, since the cross Reynolds

number increases with angle of attack, erratic variations of lift and

moment with angle of attack might result if the cross Reynolds numbers

fell in this critical range. A review of available literature revealed

that data for two bodies of revolution were available wherein the cross

Reynolds number based on the maximum diameter of the body exceeded the

critical Reynolds number for a circular cylinder. These are the

force-test results of the hull model of the airship Akron (reference 15)

and of the RM-IO (reference 16). For the Akron, the experiments were

conducted at several Reynolds numbers at negligibly low Mach numbers.

Figure 7 shows for the minimum and maximum test Reynolds numbers the

forces, moments, and centers of pressure calculated for the Akron from

equations (3) using the appropriate values of Cd_ ' from figure 12.

These curves indicate an erratic variation of the-parameters with angle

of attack, being different for the two Reynolds numbers. However, the

experimental values are seen to be independent of the Reynolds number

and do not show any agreement with either of the calculated variations.

If a constant value of Cdc of 1.2 is assumed in the calculations of
the theoretical characteristics, the agreement between the resulting

theoretical variations and the experimental data is improved. (See

fig. 7. ) In fact, the differences between these theoretical results and

the experimental results are about the same as those observed for the

R--lO1 in figure 2 wherein the theoretical characteristics are appro-

priately based on a value of Cdc of 1.2. As with the tests of the
Akron, the force tests of the RM--IO fuselage (fig. 8), which were con-

ducted at several free-stream _ch numbers, do not show the expected

erratic variation of the forces and moments and, in fact, the experi-

mental data for this model are also in good agreement with the

calculated values shown in figure 8 for which a constant value of Cdc
of 1.2 was used.

The obvious inference that, contrary to reference 6, cross

Reynolds number is not an important factor had to be viewed with some

skepticism since the two bodies of revolution for which data were

available were the type for which the radius varied continuously along

the model length. As indicated by theory, the cross flow for such a

body is more complex than that considered in the simple viscous theory

since, as will be shown later, the large pressure recovery on the lee

side of the body that is required by the theory for those sections



NACARMA50L07

where the radius is decreasing with distance along the body influences
the cross--flow characteristics to a large extent.

Because of this apparent anomaly, a special experiment was devised
to further investigate the possible effects of cross Reynolds number on
a body with a relatively long, constant-diameter section which might
then be expected to exhibit the erratic variation of force and moment
characteristics with angle of attack inferred from the circular-cylinder--
section results. The body employed in these tests had an ll--inch length
and was 1.5 inches In diameter. A short, nearly ogival nose was followed
by a constant-dlameter afterbody 7 inches long. Force and momentchar--
acterlstlcs of this model were determined in the Amesl- by B--foot wind
tunnels Nos. 1 and 2. The tests were run at two values of the free--
stream Reynolds number. For the lower Reynolds number tests, the angle-
0f-attack range was such that the cross--flow Reynolds numberbased on
maximumbody diameter was always less than the critical value of approxl--
mately 2 x l0 s. For the tests at the higher Peynolds number, the cross--
flow Reynolds number exceeded the critical cross-flow Reynolds numberat
an angle of attack of approximately 5.5 ° . The results of the tests
within the lower Reynolds numberrange, shownin figure 9(a), wherein
the cross Reynolds numbersfall In the range for which the cross drag
coefficient maybe considered constant at a value of 1.2, show the
expected smooth variation with angle of attack. The results for the
higher Reynolds numbers, given in figure 9(b), show that an erratic vari-
ation with angle of attack of the lift, moment,and center-of--pressure
position does occur although the actual values do not agree with the
calculated characteristics. While these high Reynolds number tests do
not indicate quantitative agreement with the calculated variation, they
nevertheless serve to show that the cross Reynolds number can be
important in determining the forces experienced.

Effect of Cross-Flow _lachNumber

With the intent of comparing experimental and calculated charac-
teristics on bodies for which the cross _ch numberwas large, the
literature was again reviewed and It was found as before that little
information was available. In the case of the 50-caliber shell of fig--
ure 10, the cross Machnumberat the highest angle of attack was 0.7
which Is well in excess of the critical Machnumber. The curves repre-
senting viscous theory were calculated using, at each angle, the value
of cross drag coefficient based on the actual cross Machnumber. The
experimental data on lift and drag increments are seen to agree closely
with the calculated curve. It could be concluded that the allowance for
high cross Machnumber effects given by reference 6 was Justified if it
were not for the fact that the fineness ratio of the shell model was so
low. For this model the agreement must be considered fortuitous.
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In order to determine whether the suggested method is adequate for

treating the slender body problem at high angles of attack where the

cross Mach numbers are large, a series of models of various fineness

ratios were tested to angles of attack such that the cross-flow Mach

number exceeded unity. The models consisted of a 33-1/3 caliber,

tangent ogival nose combined with various lengths of cylindrical after-

body so that the fineness ratios varied from ll.1 to 21.1. The theo-

retical curves used for comparison with the experimental data in

figure ll were calculated using equations (3) and the appropriate cross

drag coefficient based on the actual cross--flow _ch number. The

experimental lift--and drag--lncrement data show good agreement with the

theoretical values. It is interesting to note that the lift-curve slope

decreases at the extreme angles of attack in a manner similar to that

which is indicated by the viscous theory if equations (2) rather than

the simplified versions (equations (3)) are used. A curve showing the

theoretical variation of lift coefficient based on equations (2) has

been plotted in figure ll(a) for comparison. The variation of center--

of--pressure position and of pitching moment with angle of attack shows

that at the higher angles of attack the center of pressure is only

slightly behind the position predicted by the viscous theory and that

consequently the pitching moment, which in this case is about the _ose

of the model, is slightly more negative than predicted by the viscous

theory. At the extreme angles of attack the experimental center-of-

pressure positions are almost coincident with the centroid of plan--form

area.

In review, the comparisons between theory and experiment in

figures 2 to ll have indicated that, in general, the llft and drag

characteristics are fairly accurately predicted by the approximate

viscous theory, but that designers must make some allowances for the

fact that the actual center of pressure will be more rearward than the

viscous theory would indicate. The variety of shapes of bodies used

in these comparisons is sufficiently wide that the designer should be

able to find one which is close to the design being considered and,

accordingly, make a fair estimate of the discrepancies to be expected

between the calculated and the actual centers of pressure for the par--

ticular case. An effect of cross Reynolds number in promoting erratic

variations of forces in the critical cross Reynolds number range has

been shown to exist on bodies with an appreciable length of constant

diameter afterbody, but the actual variations depart considerably from

the calculated characteristics. The information available on cross

Mach number effects appears to support the suggested method from

reference 6. Since the calculated and experimental force and moment

characteristics differ, it is desirable to investigate the nature of
the actual cross flow in some detail in order to determine wherein

it differs from that assumed.
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COMPARISON OF CAICUIATED AND EXPERIMENTAL PRESS_IRE DISTRIBUTION

AND SOME OBSERVATIONS CONCERNING THE NATURE OF THE

INFLUENCE OF VISCOSITY

In order to show more clearly the manner in which the effects of

viscosity influence the cross flow on inclined bodies of finite length,

an experimental investigation of the pressure distributions for such

bodies was made and the results compared with the theoretical distri-

butions calculated on the assumption that the flow was inviscid. In

reference 29, a method for calculating pressure distributions over

slender inclined bodies of revolution in inviscid flow was given in

which it was shown that the incremental pressure coefficient due to

angle of attack for a slender body is given as (see fig. 15) s

AP = P-Pm=0 = 2 tan B cos e sin 2_ + (I-A sin 2 e) sin 2 (4)

The first term on the right-hand side of this equation is the con-

tribution due to the change in cross-stream momentum resulting from the

increase (or decrease) of radius with distance along the body, and the

second term is the cross-flow contribution which would be obtained for

a right circular cylinder in a stream moving at the cross stream velo-

city V o sin _. It can be seen from equation (4) that over the constant

diameter portions of a body, for which tan 6=0, the right-hand side of

the equation reduces to the second term only and thus the theoretical

incremental pressure distribution around this part of the body should

be identical to that for a circular cylinder normal to a stream with the

velocity Vo sin _. It is well known that in this latter case, that is,

steady-state two-4imensional flow around a circular cylinder, the large

pressure recovery on the lee side of the cylinder that is required by

theory cannot be realized. In a real viscous fluid, separation of the

flow occurs and the actual pressure distribution exhibits far less

pressure recovery than predicted by inviscid theory. In the calculation

of forces by the method of reference 6, it is tacitly assumed that the

actual circumferential pressure distributions deviate from the inviscid

distributions in the same manner as for a circular cylinder. In

figure 16(a) the experimental pressure distributions obtained at three

stations on the inclined body shown in the figure are given. Also shown

for comparison are the theoretical inviscid distribution and an experi-

mental distribution on a circular cylinder section at the appropriate

cross--flowReynolds number (from reference 24). It is seen that the

experimental distributions for the inclined body and the circular

cylinder deviate from the inviscid distribution on the lee side in a

5The same formulas have beez derived independently by Milton Van Dyke

(see footnote l, p. 3) and by Luidens and Simon in reference 26

using different methods of approach to the problem.
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somewhat similar but not identical manner. A consideration of the

development of the cross flow with distance along the body indicates
the reasons for these observed differences.

Consider the development of the cross flow with respect to a

coordinate system that is in a plane perpendicular to the axis of

revolution of the inclined body. Let the plane move downstream with a

velocity Vo and let the coordinate system move within the plane such

that the axis of revolution of the body is al_ays coincident with the

x axis of the coordinate system, The cross velocity is then Vo sin a.

At any instant during the travel of the plane from the nose to the base

of the body, the trace of the body in the plane will be a circle and the

cross--flow pattern within the plane may be compared with the flow pattern

about a circular cylinder. Viewing the development of the cross flow in

this plane for a body similar to that shown in figure 16, one would

observe that as the plane moves from the nose toward the rear, the cir-

cular trace of the body on the plane would grow in size over the nose

portion of the body and would be of constant diameter over the cylin-

drical afterbody. It might be anticipated that over the nearly constant

diameter sections the development of the cross flow with distance along

the body as seen in this moving plane would appear similar to that which

would be observed for a circular cylinder impulsively set in motion from

rest with a velocity V o sin _. Thus, the flow in the cross plane for

the more forward sections should contain a pair of symmetrically dis-

posed vortices on the lee side. Visual flow studies, which will be

discussed later, showed that this cross-flow pattern did exist for the

inclined body. The circumferential pressure distributions for these

stations on the inclined body of revolution, therefore, should resemble
those for a right circular cylinder which has been set in motion

_ndtially from rest and has moved only for a sufficient time to develop

the symmetrical pair of vortices rather than the familiar K_rm_n vortex

street which is eventually established. That this is the case is

demonstrated by the comparison of pressure distributions in figure 16.

In figure 16(a) are shown the experimental pressure distributions for a

series of stations along the parallel section of the body of figure ll(c)

at an angle of attack of 10.5 o. These are compared with the pressure

distributions in figure 16(b) obtained in a water channel by Schwabe

(reference 27) on a right circular cylinder at several instants immedi-

ately after the cylinder had been impulsively set in motion from rest.

The distance b from the "free stagnation point" (see fig. 16(b)),

which moved downstream relative to the lee side of the cylinder, to the

axis of revolution of the cylinder in terms of the body radius is shown

for each of these pressure distributions. Downstream movement of this

stagnation point is related with the downstream movement of the pair of

vortices which is shown schematically in the sketch. A comparison of

the series of pressure distributions for the inclined body of revolu-

tion with those for the right circular cylinder indicates general
similarity.
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In the more general case of a body for which the radius increases
or decreases with distance along the body, the problem is further com-
plicated. Theory indicates that the pressure to be recovered on those
sections for which the radius increases with distance is less than would
be required for the sections of constant diameter, while the converse is
true for those sections where the radius is decreasing. Experimental
pressure distributions for the body shown in figure 8 were obtained from
reference 26 and are comparedwith the calculated distributions in
figures 17j 18, and 19. At the station near the nose (fig. 17) , not
only is the theoretical pressure recovery small but the cross--flow
boundary layer has had little distance in which to develop. Thus it is
not surprising that the experimental pressure distributions are in good
agreement with those calculated using the inviscid theory. In figure 18
is showna similar comparison for the station of maximumdiameter. Here
the theoretical pressure recovery is increased and the cross--flow boun-
dary layer has had time to develop. In consequence, separation of the
cross--flow boundary layer has started on the lee side of the body. In
figure 19 is shownthe comparison at a station near the base. Here the
separation has progressed to nearly the 90° point. Experimental
measurementsof the f]ow field near the base of this body (reference 26)
as well as vlsual--flow studies have demonstrated that for this body at
angles of attack less tha_1approximately 15° there is a pair of sym-
metrically disposed vortices formed on the lee side similar to that
formed for the body of figure 16(a).

Visual Flow Studies

To further investigate the formative stages of such cross flows,
the body of figure ll(c) was studied in both a free--surface water tank
and the l-- by 3--foot supersonic wind tunnel. Tn the water tank shown
in figure 20, the model is mounted on a motor-driven carriage shownin
the figure. The model maybe movedin or out of the water in a direction
normal to the free surface of the water and can be set at any arbitrary
angle of attack. The motion of the free surface of the water, which
indicates the nature of the cross flow, can then be studied as the mode]
is driven below the surface. In the wind tunnel use was madeof a
technique which has been termed the "vapor screen method." With this
technique the cross flow is madevisible in the following manner
(see fig. 21): A small amount of water, which condenses in the wind--
tunnel test section to produce a fine fog, is introduced into the tunnel
air stream. A narrow plane of bright light, produced by a high--pressure
mercury-vapor lamp, is madeto shine through the glass window in a plane
essentially perpendicular to the axis of the tunnel. In the absence of
the model this plane appears as a uniformly lighted screen of fog parti-
cles. Whenthe model is put in place at any arbitrary angle of attack
the result of any disturbances in the flow produced by the model which
affects the amount of light scattered by the water particles in this
lighted plane can be seen and photographed.

!
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By the use of the free--surface method of studying cross flow in the
water tank and the vapor screen method for studying the cross flow on the
samemodel in the wind tunnel, someinteresting facts concerning the
nature of the cross flow have been found. The two techniques showed
similar results. At angles of attack up to nearly 20° the wind tunnel
and the water tank showedthat over the length of this body, progressing
downstreamfrom the bow, a pair of symmetrically disposed vortices was
formed on the lee side similar to that shownin reference 27 for the
cylinder a short time after having been set impulsively in motion from
rest. The vortices were of greater strength and separated farther from
the body at the stations near the base. A typical set of pictures illus-
trating these vortices In the water tank and in the wind tunnel are shown
In figure 22 for an angle of attack of 15°. In the water tank tests
these vortices were madeevident in the photograph by aluminum powder
carried into the fluid from the body surface. In the wind tunnel the
vortices madethemselves evident as black dots on_the vapor screen due
to the absence of scattered light which is belleved to result from the
action of the vortices in spinning the flne droplets of fog out of the
fast--turnlng vortex cores. It is of interest to note in the wlnd-tunnel
picture (this is more clearly seen than photographed) that the section
through the Machcone from the bow is also evident as a circular zone of
slightly stronger light Intensity.

A similar comparison of the results from the water tank and the wind
tunnel was again madefor 35° angle of attack. At such a large angle the
following characteristic cross flow was obtained: The symmetrically dis-
posed vortices were formed at first in the section on and immediately
following the oglval nose. A short distance downstreamthis unstable
configuration of vortices promoted the familiar street of alternate
vortices characteristic of the steady--state flow knownto exist behind
a circular cylinder section. (See, for instance, reference 27. ) The
vortices discharged from the inclined body of revolution had their cores
alined in nearly the free--stream direction. In figure 23 are shown
photographs of the cross flow on this samebody at 35° angle of attack
at a station near the base. Again the water tank free surface indicated
a discharged vortex street similar to that observed in the wind tunnel.
It is of interest to point out that in these wind--tunnel tests the dis-
tribution of the discharged vortices was aperlodlcally reversed. That
Is to say, the discharged vortex closest to the body would at one
instant be on one side of the body and at the next instant, perhaps
several seconds later, on the other. No regularity in this change in
the distribution of the vortex street has as yet been found.

The pressure distributions of figure 16 and the experiments with
flow visualization constitute the most convincing demonstration that the
development of the cross flow with distance along the body on a long
inclined body of constant d_ameter behaves much the sameas the



NACARMA50L07 13

development with time of the flow on a circular cylinder impulsively set

in motion from rest. It is known (see references 24 and 27) that the

drag of a circular cylinder impulsively set in motion from rest at first

rises rapidly to a drag coefficient greater than 2.0 and with continued

motion subsides to the steady-state value of 1.2. Thus, it appears that

the cross-flow drag coefficient for the inclined body should start at

zero at the nose, increase with distance along the body to a value in

excess of the steady-state value for a circular cylinder, and for long

bodies at high angles of attack, fall to or near the average steady

state value over the afterportion of the body. Since this variation of

cross--flow drag coefficient would yield a total cross force approximating

that which would be predicted on the assumptionthat the cross--flow drag

coefficient is constant along the body, it is not surprising that the

integrated lift and drag increment due to inclination of the body are in

good agreement with the calculated values based on this latter assumption

and that the calculated center of pressure is closer to the nose than is

the actual center of pressure.

Since the cross flow over the elements of the body near the bow

corresponds to the nonsteady-state-flow condition that exists on a cir-

cular cylinder, the critical cross Reynolds number, if such exists for

these elements, would not necessarily be expected to be the same as that

for the steady--state flow over such a cylinder. Thus from this cause

alone it is not surprising that the calculated force and moment charac-

teristics for bodies in which the cross--flow Reynolds number is in the

critical Reynolds number range for a two-dimensional circular cylinder

are not in good agreement with the observed characteristics. The con-

tention of reference 6 that some erratic force and moment behavior may

be expected in this range of cross--flow Reynolds numbers for long bodies
is nevertheless supported

Another point which may be of considerable importance to missile

designers is that on very long missiles designed to operate to large

angles of attack the discharge of a vortex street should promote asym-

metry of forces on the tall surfaces and manifest itself as a tendency

to unexpected and erratic rolling on a configuration for which the flow

might ordinarily be expected to be perfectly symmetrical. Moreover, the

aperiodic changes in the discharged street of vortices might induce for

a pitched body underslrable forces and moments in yaw. e

Throughout this paper only bodies of revolution have been con-

sidered. Designers, for certain applications, might employ bodies of

other than circular section to advantage. For example, for winged con--

figurations which must operate at large angles of attack and for which

SSome recent investigations in the Ames 6- by 6-foot supersonic wind

tunnel on a body--tail combination have shown that such fluctuating

forces and moments do occur.
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inclined flight occurs essentially in only one plane, the use of a

streamlined body cross section in order to avoid the formation of lee--

side vortices and possible adverse effects when shed as a street might

be desirable. Another example is the use of a body with a flat surface

on the windward side which might prove valuable in increasing the cross--

flow drag coefficient and thus the body contribution to the llft-curve

slope. However, flight with this type of body would have to be confined

to small angles of attack to avoid adverse effects attendant to the

shedding of the vortices from the body.

Ames Aeronautical Laboratory,

National Advisory Committee for Aeronautics,

Moffett Field, Calif.
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APPENDIX A

SYMBOLS

A

Ap

c%

CD

cI%

Z_ D

F

CL

CM

d

f

kl

k2

M

Me

P

PcL=O

reference area for coefficient evaluation

plan--form area

drag coefficient which would be experienced by a circular cylinder

section of radius r at Reynolds number and Math number based

upon the diameter and the cross component of velocity (Vo sin _)

total-drag coefficient

base-drag coefficient

fore-drag coefficient <C D - CDB_

incremental drag coefficient [CD-- (CD)_=01

incremental fore-drag coefficient [CDF -- (CDF) =0I

llft coefficient

pitchlng-moment coefficient, in terms of reference area A and

reference length l

maximum body diameter

local cross force per unit length

longitudinal apparent mass coefficient

transverse apparent mass coefficient

body length

_ach number

cross _ch number (M sin _)

pressure coefficient at angle of attack

pressure coefficient at zero angle of attack
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_P

q

r

Re

Rec

S

%

Vo

VO1

X

Xm

Xp

x

NACA P_4ASOLO 7

incremental pressure coefficient due to angle of attack

free-stream dynamic pressure

local body radius

free-stream Reynolds number (based on diameter)

cross--flow Reynolds number (Re sin _)

local cross-sectional area

area of the base

free-stream velocity

volume of the body

distance along the body

distance to the_momsnt center from the nose

distance to the centroid of plan--form area from the nose

reference length for coefficient evaluation

angle of inclination

tan-1 (dr/dx)

ratio of the drag coefficient of a circular cylinder of finite

length to that of a circular cylinder of infinite length

polar angle about axis of revolution measured from the approach

direction of the cross-stream velocity
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APPENDIX B

EFFECTS OF MACH N_ AND REYNOLDS NLMBER ON THE VALUE OF

The only experimental data available (reference 24) for the evalu-

ation of _, the ratio of the drag coefficient of a circular cylinder

of finite length to that of a circular cylinder of infinite length, have

been reproduced in figure 14. These data are for a negligibly low Mach

number and for a single Reynolds number (88,000) which corresponds to

the Reynolds number range for which 1.2 is the drag coefficient of a

cylinder of infinite length. To obtain a rough estimate of the value

of _ at other Reynolds and Mach numbers the following conjecture is

given: The primary end--relieving effect for a cylinder of finite

length must be conveyed to other sections through the low--velocity

regions of the wake since it is this low-energy flow behind the cylinder

which is most susceptible to alteration due to pressure differences in

the vicinity of the ends of the cylinder. Evidently the ratio of the

spanwise length of the wake to the wake thickness would be the ratio

that should determine _. The spanwise length of the wake will be

approximately the length of the cylinder, while the wake thickness will

be nearly proportional to the product of the cylinder diameter and the

drag coefficient. It appears, then, that the value of _ at Reynolds

and Mach numbers for which Cdc is not 1.2 might be taken as the value

of _ (from fig. 14) for an effective cylinder length--to-diameter ratio

equal to the product of the actual length--to-diameter ratio and the

ratio of the drag coefficient 1.2 to the section drag coefficient at

the Reynolds and Mach number of the case considered.
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Figure 14.- Ratio of the drag coefficient of a circular cyhnder of finite length to that of o cylinder of

infinite length, _, as o function of the length-to-diameter ratio. (Rc=BB, O00). _i

AP=P-Pa.o = (2ton _ cos 8) sin 2a _- (I-4sin t 8) sin t a

Figure 15.- Incremental pressure distribution due to inclined flow on o body of revolution.
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Figure 20.-- Apparatus for tests

in place.

in the water tank with camera and model
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Figure 22.- Comparison of the results of the cross--flow studies in the

water tank and the wind tunnel.
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Figure 23.-- Comparison of the results of the cross--flow studies in the

water tank and the wind tunnel.
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